I. INTRODUCTION
High-precision spectroscopy of highly charged heavy ions has been carried out recently at facilities such as ESR at GSI in Darmstadt and the Super EBIT in Livermore ͑see references in Ref. ͓1͔͒. Lamb shift and hyperfine structure have been measured for hydrogenlike heavy ions, and corresponding higher-order quantum electrodynamics ͑QED͒ corrections have been calculated to be compared with the experiments ͑see Ref. ͓2͔ and references therein͒. The comparison between the precise measurement and the calculation provides a critical test of QED in a strong Coulomb field. However, in heavy ions, nuclear effects are also important. The effects originate from finite nuclear size ͓3͔, finite nuclear mass ͑nuclear recoil͒ ͓4͔, and nuclear polarization ͑NP͒. The NP effect is caused by virtual nuclear excitations through the interaction between a bound electron and a nucleus. The study of the NP effect is of great significance, since it sets the limit of the experimental test of QED at the level of recent spectroscopic techniques ͓5,6͔.
The NP correction in electronic atoms was first calculated in terms of the second-order ͑Schrödinger͒ perturbation theory ͓7͔. A relativistic field-theoretical approach based on the concept of an effective photon propagator has been developed in Refs. ͓8-11͔. In previous studies, only the Coulomb interaction between an electron and a nucleus was taken into account, the transverse interaction being neglected. However, this treatment is not justified. In fact, the importance of the transverse interaction has been reported in muonic atoms. In Ref. ͓12͔, the nuclear polarization due to the transverse interaction has been studied as a possible candidate to explain the discrepancies between theory and experiment in the 2p and 3p fine-structure splitting energies of muonic 82 208 Pb. The contribution of the transverse interaction amounts to about 20% of that of the Coulomb interaction.
We have preliminarily studied the transverse NP effect in electronic atoms in Refs. ͓13,14͔. In Ref. ͓13͔, the transverse NP correction was estimated by introducing an approximation in the integral with respect to the energy of exchanged photons. In Ref. ͓14͔, a formula has been derived without using the above approximation in a point-nucleus model. This formula incorporates the Coulomb and transverse interactions as well as their interference. However, the numerical calculation was not successful, because the sum over electronic intermediate states does not converge in the pointnucleus model.
In the present paper, the NP correction is formulated for a hydrogenlike ion with the bound-state QED formalism, where both the Coulomb and transverse interactions are incorporated. Intrinsic nuclear dynamics is described, not by the point-nucleus model but by a collective nuclear model. 
II. FORMULATION OF NUCLEAR POLARIZATION CORRECTION
In the bound-state QED formalism ͓2,16͔, the lowestorder NP effect is given by the ladder and cross diagrams, Figs. 1͑a͒ and 1͑b͒, of two-photon exchange between an electron and a nucleus. We should note that the cross diagram Fig. 1͑b͒ represents a relativistic field-theoretical interaction between the Dirac vacuum and the nucleus as illustrated in Fig. 2 . In Fig. 2͑a͒ , because of the Pauli principle, the sum over intermediate states in the electronic loop does not include the state occupied by the spectator electron. If the spectator state is included in the sum, the electronic loop is renormalized into the nuclear mass; Fig. 2͑b͒ is dropped off. Thus, the counterpart Fig. 2͑c͒ , which contributes to the NP effect, is reduced to the cross diagram Fig. 1͑b͒ .
The NP correction for an ␣ state of hydrogenlike ions is derived from Figs. 1͑a͒ and 1͑b͒ as
where ␣ is the Dirac wave function, S F is the electron propagator, and D F is the Feynman photon propagator. The electronic state is labeled by ϭ(Ϫ1)
( jϩ1/2) with the total angular momentum j and the orbital angular momentum l, and the other quantum numbers ␣. The nuclear polarization tensor ⌸ is defined by
where ĵ n is the nuclear transition current-density operator and n ϭE ␤ Ј I Ј ϪE ␤I is the nuclear transition energy. The nuclear state is labeled with the nuclear spin I, its projection M I , and additional quantum numbers ␤. The first and second terms in Eq. ͑2.2͒, respectively, correspond to Figs. 1͑a͒ and 1͑b͒. By using the photon propagator in the Feynman gauge and the spectral representation of the electron propagator, the integral with respect to in the right-hand side of Eq. ͑2.1͒ is reduced to where e ϭE ␣ Ј Ј ϪE ␣ , and I ϩ and I Ϫ , respectively, correspond to the first and second terms in Eq. ͑2.2͒. The integral can be rewritten as a sum of two terms; the first is calculated by an integral from 0 to ϱ and the second is a contour integral on the complex plane evaluated by the theorem of residues: 
The total system of the electron and nucleus is expressed in the angular-momentum coupling scheme as
͑2.6͒
The interaction Ĥ int is given by one-photon exchange with energy ,
where ĵ e ϭ( e , ĵ e ) and ĵ n ϭ( n , ĵ n ) are the electronic and nuclear transition ͑four-vector͒ current operators, and D F is the photon propagator.
The interaction consists of the magnetic ͑M͒ and electric ͑E͒ interactions: Ĥ int ϭĤ M ϩĤ E . In the Feynman gauge, the electric interaction consists of the transverse electric ͑TE͒, the longitudinal (L), and the scalar ͑S͒ parts: Ĥ E ϭĤ TE ϩĤ L ϩĤ S . Matrix elements of the interactions are decomposed into multipole terms,
where FЈϭF, M F Ј ϭM F , and
͑2.11͒
The Green function G (r,rЈ,)ϭ j (r Ͻ )h (1) (r Ͼ ) is given with the spherical Bessel function j and the spherical Hankel function h (1) of the first kind. In Eq. ͑2.8͒, the terms of Јϭ correspond to the magnetic part, while the terms of Јϭϯ1 correspond to the transverse electric and longitudinal parts. The multipole transition charge and current densities are defined by
where Y is the spherical harmonics and Y , Ј is the vector spherical harmonics. The nuclear transition densities ͑2.14͒ and ͑2.15͒ are conveniently expressed as
where ⍀ M ϵϪiͱ/(ϩ1)͐dr r Y , * (r)• ĵ n (r) and
terms of which the reduced magnetic (RϭM ) and electric (RϭE) transition probabilities are given as
The contribution to Eq. ͑2.1͒ from Fig. 1͑b͒ is given by
͑2.19͒
Here, we have used the relations
For a spin-zero nucleus (Iϭ0), Eq. ͑2.1͒ is reduced through Eqs. ͑2.5͒ and ͑2.19͒ to a form of
where P denotes the parity factor:
͑2.21͒
The electronic excitation spectrum F e is defined by
with radial matrix elements
where
g and f denoting the large and small components of the Dirac wave functions. The radial form factors F and F , Ј are determined by the radial parts R and R , Ј of the nuclear transition densities ͑2.16͒ and ͑2.17͒ as
͑2.28͒
The Coulomb NP correction is given ͓11͔ by 
where the Coulomb excitation spectrum is defined by
The Coulomb form factor F (C) is calculated from
.
͑2.32͒

III. NUCLEAR MODEL AND NUMERICAL METHOD
We calculate the NP correction for the ground states of the hydrogenlike 82 208 Pb and 92 238 U ions. In the present calculation, we consider only the electric part of the NP correction, because the magnetic part is expected to be negligible.
For nuclear excitations, we take into account the same lowlying states and giant resonances as Ref. ͓11͔. Intrinsic nuclear dynamics is described by a collective model ͓17,18͔. In this model, the radial parts R and R , Ј of the transition charge and current densities are determined with the nuclear radius R 0 . For у1, they are given by
͑3.2͒
and R ,ϩ1 (r)ϭ0. For ϭ0, they are given by
The transition densities of these forms satisfy the continuity equation. 
under the assumption that the sum-rule value is saturated by a single giant resonance. In Eq. ͑3.5͒, M p is the mass of the proton, is the isospin of the excitation mode, and NϭAϪZ is the number of neutrons. The radial moments of proton distribution in the ground state are evaluated by ͗r p 2Ϫ2 ͘ϭ3R 0 2Ϫ2 /(2ϩ1). The excitation energy n ͑MeV͒ is given by
for у2.
͑3.6͒
We take into account isoscalar (ϭ0) and isovector ( ϭ1) giant resonances for the multipoles of ϭ0, 2, and 3, and an isovector dipole (ϭ1) resonance. Numerical calculation of the NP correction is carried out through the following three steps: ͑i͒ the radial integral in Eqs. ͑2.25͒ and ͑2.26͒ for a given intermediate electronic state (␣ЈЈ) and photon energy , ͑ii͒ the integral over in Eq. ͑2.23͒ to obtain the excitation spectrum F e , and ͑iii͒ the sum over ␣ЈЈ in Eq. ͑2.20͒ to obtain the energy correction for respective nuclear excitations. We use the Dirac wave functions g and f generated by the point Coulomb potential with charge Z. In step ͑ii͒, the upper limit of the integral is taken to be 4ϫ e to achieve an accuracy of more than 1%. The sum in step ͑iii͒ is taken over the bound states and over the positive and negative continua up to Ϯ300 MeV. For comparison, we also calculate the Coulomb NP correction ͑2.29͒ following the procedures ͑i͒ and ͑iii͒, respectively using Eqs. ͑2.31͒ and ͑2.29͒. In step ͑iii͒, the sum over the continua is taken up to Ϯ750 MeV. Tables I and II show the NP corrections obtained for the  ground states of the hydrogenlike 82 208 Pb and 92 238 U ions. In the tables, ''CNP'' refers to the correction due to the Coulomb interaction, while ''NP'' refers to that due to the whole of the Coulomb and transverse interactions.
IV. RESULTS AND DISCUSSION
The present results of the CNP corrections are in good agreement with the previous calculation ͓11͔. Small discrepancies of several meV are attributed to the Dirac wave functions used; those for the point charge are used in the present paper, while those for an extended nucleus are in Ref. In Tables I and II , the NP corrections almost coincide with the CNP corrections for E0, E2, and E3 nuclear excitations; the transverse contributions are negligible. However, for E1 giant resonances, the NP remarkably deviates from the CNP; the NP almost vanishes for 92 238 U, while it is positive for 82 208 Pb in contrast to the CNP. It should be noted that the transverse contribution decreases the binding energy of the electron, though the Coulomb contribution increases. In nonrelativistic quantum mechanics, the polarization effect caused by second-order perturbation necessarily increases the binding energy in the ground state regardless of the interaction. In field theory, however, the energy of vacuum is also affected by the perturbation, so that the net effect of polarization may reduce the binding energy. This is the case with the cross diagram ͓Fig. 1͑b͔͒, where the perturbed vacuum energy is renormalized into the nuclear mass as illustrated in Fig. 2 . Note that the slight deviation of the NP from the CNP in the E0 excitations indicates a numerical accuracy of the present calculation, because the transverse interaction does not contribute to the E0 excitation.
To clarify the remarkable contribution of the transverse interaction in E1 nuclear excitations, we investigate behaviors of the excitation spectra, F e and F e (C) , as functions of the intermediate electronic energy E ␣ Ј Ј . The spectra are shown in Figs. 3 and 4 , respectively, for the E1 transitions to ЈϭϪ2 states and to Јϭ1 states. For both spectra, the atomic number Z and the nuclear radius R 0 are taken to be the values of the 92 238 U nucleus. The spectrum F e is calculated with different artificial values for the nuclear excitation energy n . The Coulomb spectrum F e (C) is independent of n .
In the two figures, the Coulomb spectrum F e (C) has dominant and broad maxima around E ␣ Ј Ј ϳϮ50 MeV. This behavior is caused by a shape of the Coulomb form factor F (C) . It has a peak at the nuclear radius R 0 with a width of order R 0 , which corresponds to the transition energy of បc/R 0 ϳ50 MeV. This energy is much higher than typical nuclear excitation energies. On the other hand, as the n increases, the spectrum F e remarkably deviates from the Coulomb spectrum F e (C) . In particular, the spectrum F e prominently rises with decreasing ͉E ␣ Ј Ј ͉ around the threshold of the continua. The prominent rise is strongly enhanced with n . It is seen in the figures that the spectra F e and F e (C) are noticeably asymmetric between the positive and negative energies even in the region of ͉E ␣ Ј Ј ͉ӷmc 2 . The spectral tail is extended farther in negative energies than in positive energies. This behavior is interpreted as originating from strong Coulomb distortion near the nucleus, where the electron is attracted while the positron repelled. For the E2, E3, and E0 excitations, the spectra F e are found in the present calculations to have similar behavior to the Coulomb spectrum F e (C) . The dependence of the prominent rises on e and n can be understood from the radial integral in Eq. ͑2.25͒ and from the energy integral of the first term in Eq. ͑2.23͒. The radial integral ͑2.25͒ takes a peak value when the photon energy coincides with the electron transition energy, i.e., Ϸ͉ e ͉, because of phase matching between the form factors and the electronic wave functions. Thus, when e Ӷ n , the integral ͑2.23͒ gives a spectrum as approximately
where the factor n 2 comes from Eq. ͑3.1͒. The factor f ( e ) represents the overlap in Eq. ͑2.23͒ of the intermediate and ground-state wave functions, hence being approximately proportional to e Ϫ1 . Therefore, the prominent rise appears peculiarly for E1 transitions. Its height is proportional to n 2 . Table III shows the NP correction divided by B(E1) for E1 excitations calculated with the different artificial values of n . The result indicates a striking dependence on n . For vanishing n , the NP coincides with the CNP, taking a negative value. As n increases, the NP becomes a small negative value or even a positive value. The transverse interaction could dominate the NP correction if n is as high as 100 MeV.
To understand when and why the transverse interaction becomes important, we consider a ratio of the form factor F ,Ϫ1 to F ; the modulus squared of the ratio approximately scales the relative magnitude of the transverse and Coulomb contributions. ͑In fact, the contribution of the scalar interaction H S is shown in the present calculation to be approximately the same as that of the Coulomb interaction.͒ By using Eqs. ͑2.27͒, ͑2.28͒, ͑3.1͒, and ͑3.2͒, the ratio of the form factors is written as
It is seen from Eq. ͑4.2͒ that the higher the n is, the more important is the transverse contribution. Furthermore, we can take Ϸ e from the condition of phase matching mentioned before and rϳ͗r͘ with the mean radius ͗r͘ of the electron cloud in the ground state. Thus, the ratio ͑4.2͒ is reduced to FIG. 3 . Electronic excitation spectra of the E1 transition (1s 1/2 →ЈϭϪ2) for different artificial values of the nuclear excitation energy n in the hydrogenlike 92 238 U ion. The broken, dashdot, dash-double dot, and dotted lines, respectively, represent the spectra F e for n ϭ1, 5, 10, and 25 MeV. The solid line represents the Coulomb spectrum F e (C) . Results are given in relativistic units, បϭmϭcϭ1.
FIG. 4.
Electronic excitation spectra of the E1 transition (1s 1/2 →Јϭ1) for different values of the nuclear excitation energy n in the hydrogenlike 92 238 U ion. The lines represent the same as in Fig. 3 . Results are given in relativistic units, បϭmϭcϭ1. n ͗r͘/បc when e ͗r͘/បcӶ1, while it is reduced to n / e when e ͗r͘/បcӷ1. Hence, the transverse contribution is negligible when n Ӷបc/͗r͘, while it is crucial when n ӷបc/͗r͘ and the contribution from e Ͻ n is important. The latter is the case with the present results for the E1 giant resonance. Note that the relative magnitude of the transverse NP is only about 20% for the muonic 82 208 Pb atom ͓12͔. This result is also consistent with the present argument because n ͗r͘/បcϷ1 in the muonic atom.
We summarize the dependence of the NP correction on different excitations in different nuclei. As mentioned before, the energies of dominant maxima in the Coulomb spectrum are much larger than the nuclear excitation energies. Hence, from Eq. ͑2.29͒, the CNP is proportional to the values of B(E); the CNP is sensitive to excitations with a large B(E), such as the lowest excited state (2 ϩ , 0.0449 MeV͒ of 92 238 U. This means that the structure of the individual nucleus is reflected in the CNP effect. On the other hand, the transverse NP effect is dominantly contributed from the E1 giant resonance, hence it is insensitive to the details of the nuclear structure.
V. CONCLUSION
We have calculated the nuclear polarization corrections for the ground states of the hydrogenlike 82 208 Pb and 92 238 U ions by taking into account the Coulomb and transverse interactions. The corrections are Ϫ0.2 and Ϫ180.7 meV, respectively, for the 82 208 Pb and 92 238 U ions. These values are a few tens of meV smaller in magnitude than the values calculated only with the Coulomb interaction ͓11͔. We conclude from the present results for the specific 82 208 Pb and 92 238 U ions that, in general, the effect of the transverse interaction is essential to the NP correction in heavy ions, unless the nucleus has a dominant excitation mode with n Ӷបc/͗r͘. Recent developments of spectroscopic techniques ͓6͔ suggest that the determination of the NP effect soon becomes possible if one chooses a nucleus for which the charge distribution is very precisely known.
